An internal fragment of the ddl gene, encoding the cytoplasmic enzyme D-alanyl-D-alanine ligase, was sequenced from 566 isolates of Streptococcus pneumoniae and single isolates of Streptococcus mitis and Streptococcus oralis. The 52 alleles found among the S. pneumoniae isolates fell into two groups. Group A alleles were very uniform in sequence and were present in both penicillin-susceptible and penicillin-resistant pneumococci. Group B alleles were much more diverse and were found only in penicillin-resistant isolates. The Streptococcus oralis and Streptococcus mitis alleles were less diverged from group A alleles than some of the group B pneumococcal alleles, suggesting that the latter alleles contain interspecies recombinational replacements. The ddl gene was located 783 bp downstream of the penicillin-binding protein 2b gene (pbp2b). Sequencing of the pbp2b-recR-ddl-murF region of three penicillin-resistant pneumococci that had diverged ddl alleles showed that the whole region from pbp2b to ddl (or beyond) was highly diverged (about 8%) compared with the sequences from three penicillin-susceptible isolates. The high levels of diversity in the group B ddl alleles from penicillin-resistant isolates were ascribed to a hitchhiking effect whereby interspecies recombinational exchanges at pbp2b, selected by penicillin usage, often extend into, or through, the ddl gene. The data allow the average size of the interspecies recombinational replacements to be estimated at about 6 kb.
Introduction
Several studies have demonstrated the history and extent of recombination in bacterial species such as Neisseria gonorrhoeae (O'Rourke and Stevens 1993; Maynard Smith et al. 1993) , Neisseria meningitidis (Zhou and Spratt 1992; Feil, Carpenter, and Spratt 1995; Zhou, Bowler, and Spratt 1997; Holmes, Urwin, and Maiden 1999) , Streptococcus pneumoniae (Dowson et al. , 1993 Lomholt 1995; Hall et al. 1996; Enright and Spratt 1998) , Escherichia coli (Whittam and Ake 1993; Guttman and Dykhuizen 1994; Milkman 1997) , and Salmonella enterica (Selander, Caugant, and Whittam 1987; Boyd et al. 1994) . In N. gonorrhoeae, N. meningitidis, and S. pneumoniae (the pneumococcus), which are naturally transformable species, nucleotide sequencing studies have shown that interspecific recombinational exchanges are observed in genes subject to strong selective pressures exerted by the immune system or antibiotics (Spratt 1988; Dowson et al. 1989; Spratt et al. 1989; Coffey et al. 1991; Radström et al. 1992; Vázquez et al. 1995) . For example, penicillin resistance in clinical isolates of N. gonorrhoeae, N. meningitidis, and S. pneumoniae is due to the development of altered penicillin-binding proteins (PBPs) which have arisen through interspecies recombinational events that replace parts of the normal pbp genes with the corresponding regions from closely related commensal species (Spratt 1994) .
Interspecies recombination replacements have also been observed in most housekeeping genes of N. meningitidis (Zhou, Bowler, and Spratt 1997) but are prob-ably rare in housekeeping genes from nontransformable bacterial species. An exception is the gluconate dehydrogenase gene (gnd) of E. coli and S. enterica (Nelson and Selander 1994; Thampapillai, Lan, and Reeves 1994) . The high levels of sequence diversity within gnd are believed to be due to a hitchhiking effect resulting from its location close to genes involved in O-antigen biosynthesis. Rare interspecies recombinational replacements at the rfb locus introduce diversity, which may be strongly selected by the host immune system, and some of these replacements extend into the flanking gnd gene.
In a previous study, we sequenced internal fragments of seven housekeeping genes from invasive isolates of S. pneumoniae as part of the development of a multilocus sequence typing scheme (MLST) for this species . In most of these genes, interspecies recombinational exchanges appeared to be rare. However, several alleles of the ddl gene, encoding D-alanyl-D-alanine ligase, a cytoplasmic enzyme involved in the biosynthesis of the UDP-linked disaccharide-pentapeptide precursor of peptidoglycan biosynthesis, are highly diverged and appear to have arisen by interspecies recombinational exchanges. In this study, we analyze the sequences of ddl from 566 pneumococcal isolates and show that the highly diverged ddl alleles are found exclusively in penicillin-resistant isolates and arise through a hitchhiking effect resulting from its location 783 bp downstream of the PBP 2B (pbp2b) gene. We also estimate the sizes of the interspecies recombinational replacements.
Materials and Methods

Bacterial Strains
The collection of 566 pneumococcal isolates included 274 strains from invasive disease in eight countries , 74 penicillin-resistant isolates from Taiwan (Shi et al. 1998) , 97 invasive iso- → FIG. 1.-Neighbor-joining tree of ddl sequences. The relationships between the sequences of the 54 different ddl alleles present among the 566 pneumococci and the single isolates of Streptococcus mitis and Streptococcus oralis are represented as a neighbor-joining tree, constructed using all nucleotide sites. The bootstrap confidence level (500 resamplings) of the branch separating the group A alleles from the group B alleles is shown. The values in parentheses, e.g., ''(10:2),'' show first the number of penicillin-resistant isolates and second the number of penicillinsusceptible isolates possessing the allele. ND ϭ not determined because the strain has not survived and the MIC of penicillin is unknown.
lates from Spain , and penicillinresistant isolates from worldwide sources. The details of the 566 isolates can be obtained on request from M.C.E. Streptococcus oralis strain 524 and S. mitis strain PN92/ 120 were received from Dr. C. G. Dowson (University of Warwick, United Kingdom). Details of the nine pneumococcal strains studied in detail are shown in table 1. Pneumococci were grown and chromosomal DNA was prepared as described previously (Coffey et al. 1996) .
Nucleotide Sequencing
A 442-bp internal fragment of the ddl gene corresponding to nucleotides 461-902 in the published sequence was sequenced from 566 isolates of S. pneumoniae and from single isolates of S. mitis and S. oralis, as described previously . A DNA fragment extending from pbp2b to ddl was obtained from laboratory strain R6 using the polymerase chain reaction (PCR) with the primers ddl-930-dn and pbp2b-dn (see below) and was sequenced. The region downstream of ddl was isolated from strain R6 using inverse PCR with the restriction endonuclease Sau3A (Hartl and Ochman 1996) .
The pbp2b genes of the pneumococcal strains were sequenced as described previously ). The region from pbp2b to murF was amplified by PCR (annealing temperature of 50ЊC, extension time 2 min, Qiagen Taq DNA polymerase) using the oligonucleotides pbp2b-up (5Ј-CTA CGG ATC CTC TAA ATG ATT CTC AGG TGG-3Ј) and murF-dn (5Ј-CC(T/A/G) ATY TCR TTR TTR TAR TT-3Ј). Sequencing of this region used the following primers: 20-up (5Ј-CRA TTA TTC TTT TAT ATG GTG GA-3Ј), 137-up1 (5Ј-AAR CCN TCN AAY ATG GG-3Ј), ddl-up1 (5Ј-GCC TTC CGT GCH ATY GG-3Ј), recR-up (5Ј-GAR TAY GCN GAY GAR GTN AC-3Ј), 417-up (5Ј-TGC YCA AGT TCC TTA TGT GG-3Ј), 64-up (5Ј-GAA AAT CGR
255-dn (5Ј-TAY TTN GCN TCR TAN TCN TAN AAN GC-3Ј), murF-dn (5Ј-CCD ATY TCR TTR TTR TAR TT-3Ј), 930-dn (5Ј-CAC TGG GTR AAA CCW GGC AT-3Ј), 258-dn (5Ј-TAY TTN GCN TCR TAN TCN TAN AAN GC-3Ј), 1020-dn (5Ј-AAA AMT TTS CTT RGC AAG RTC AAC C-3Ј)
, and 1040-dn (5Ј-TGC GCT TCR CGC TTK TCA AA-3Ј). Sequencing was carried out on an ABI377 DNA sequencer using dRhodamine dye-labeled terminators. All sequences have been deposited in the GenBank/EMBL database under the accession numbers AJ387976-AJ388009 and AJ243051-AJ243059.
DNA Alignment and Analysis
No insertions or deletions were present, and DNA sequence alignments were trivial and were performed manually. Neighbor-joining trees were constructed and d S /d N ratios calculated using MEGA (Kumar, Tamura, and Nei 1993) . In both cases, the Jukes-Cantor correction was applied. The d S /d N ratios were calculated from the means of the pairwise comparisons of the numbers of synonymous and nonsynonymous substitutions per synonymous or nonsynonymous site using one of each of the different group A alleles or of the diverged group B alleles. Sequences were compared and polymorphic nucleotide sites displayed using Sequence Output (available for Macintosh computers from http://mlst.zoo.ox. ac.uk/links).
FIG. 2.-Polymorphic sites in the 54 ddl alleles from 566 Streptococcus pneumoniae isolates and the single isolates of Streptococcus mitis
and Streptococcus oralis. The polymorphic sites are numbered above in vertical format. Sites that were identical in all alleles are not shown. The nucleotide at each polymorphic site is shown for the uppermost allele, but only those positions which differ from this sequence are shown for the other alleles. A dot indicates a nucleotide that is identical to that in the uppermost sequence. Group A ddl alleles are shown at the top, separated from the group B alleles by a blank line. Synonymous (S) and nonsynonymous (N) polymorphic sites are shown on the bottom line.
Results and Discussion
Sequences of ddl
Sequencing of a 442-bp internal region of the ddl gene from the 566 isolates of S. pneumoniae and from single isolates of S. mitis and S. oralis revealed 54 different alleles that formed two distinct groups (A and B) on a neighbor-joining tree ( fig. 1 ). Group A included 32 very similar alleles that differed at a maximum of 1.9% of nucleotide sites. These alleles formed a cluster on the tree that was well resolved (97% bootstrap confidence interval) from the alleles in group B. Group B included 20 pneumococcal alleles and the unique alleles from the S. mitis and S. oralis isolates. The pneumococcal group B alleles were much more diverse than those in group A, differing at up to 10.2% of nucleotide sites, and differing from the alleles in group A at up to 10.7% of sites. The ddl sequence from S. mitis differed from the pneumococcal sequences at 7.3%-10.4% of sites and from the S. oralis isolate at 10.4% of sites. The S. oralis sequence differed from those of pneumococci at between 2% and 8.2% of sites.
Group B alleles were only found in penicillin-resistant isolates. Group A alleles were found in both penicillin-susceptible and penicillin-resistant isolates; 11 of the 32 group A alleles were found in resistant isolates, and 8 of these were present in both susceptible and resistant pneumococci.
Diverged ddl Alleles Have Arisen by Interspecies Recombination
The polymorphic sites within the ddl sequences are shown in figure 2. Within the 52 pneumococcal ddl alleles, there were 110 polymorphic sites; the majority (77%) of these polymorphisms were nonsynonymous. For those group B pneumococcal alleles that were divergent from the group A alleles throughout the whole of the sequenced fragment (alleles 12-37 in fig. 2 ), the d S /d N ratio was 25.6, which is typical for bacterial genes that are subject to strong purifying selection. The d S /d N ratio for the group A alleles was 4.2, but this value is subject to considerable error, because for these very similar alleles, there were few polymorphic sites within the 442-bp ddl fragment that was sequenced, and the level of polymorphism at these sites was low.
The distribution of polymorphic sites among the closely related alleles in group A was random. Some alleles in group B were highly diverged from the sequence of allele 14, the most common allele found in susceptible strains, along the whole fragment (e,g., alleles 49, 51, and 52), but in other cases, only part of the ddl fragment was highly diverged (e.g., alleles 4, 36, 48, and 47). The nonrandom distribution of polymorphic sites in these latter mosaic ddl alleles was significant (P Ͻ 0.05) using the maximum chi-square test (Maynard Smith 1992) .
The pneumococcal ddl sequences that were highly diverged from those of penicillin-susceptible strains along the entire fragment, and the sequences of the diverged parts of the mosaic pneumococcal ddl alleles, were so different from the ddl genes of group A that it is almost certain that they were imported from closely related streptococcal species. This interpretation is supported by the fact that the diverged regions in the pneumococcal group B ddl alleles were as diverged, or more diverged, from the group A alleles as the ddl alleles of S. oralis and S. mitis. For example, group B alleles 10 and 49 differed from the group B allele of the laboratory strain R6 (allele 15) at 10.2% and 10.4% of sites, whereas the allele in S. oralis differed from that in strain R6 at only 7.5% of sites. The divergence between these two group B pneumococcal alleles and that of R6 was also slightly greater than that between S. mitis and strain R6 (10.0%).
The above results indicate that the diverged ddl alleles contain replacements from isolates of closely related streptococcal species. In some alleles, the replacements seem to have included the whole ddl fragment, whereas in the mosaic alleles, the junctions between diverged and nondiverged sequences presumably mark one of the crossover points in the interspecies recombinational exchange. In all mosaic ddl alleles, the highly diverged regions were upstream, with the downstream regions being very similar to those of the group A alleles.
The pbp2b gene is 783 bp upstream of ddl. As the diverged alleles were always found in penicillin-resistant pneumococci, it is likely that they arose through the same interspecies recombinational events that resulted in the creation of the low-affinity mosaic forms of pbp2b . Mosaic pbp2b genes have been found in all penicillin-resistant clinical isolates of S. pneumoniae with minimum inhibitory concentrations (MICs) of Ն0.1 g penicillin/ml and are believed to be due to recombinational exchanges with related species such as S. oralis or S. mitis (Dowson et al. , 1993 . The most reasonable explanation is that interspecies recombinational replacements at pbp2b, driven by selection for increased resistance to penicillin, have in many cases extended into ddl, or through ddl, to generate the diverged group B alleles, whereas in other resistant isolates the replacements do not extend as far as ddl, resulting in the nondiverged group A ddl alleles.
Organization of Genes Upstream and Downstream of ddl
If the diverged ddl alleles in penicillin-resistant isolates arose from interspecies replacements that extended from pbp2b into ddl, the whole of this region should exhibit a high level of sequence divergence from strain R6. We therefore sequenced the region between pbp2b and ddl in the laboratory strain R6 and identified a 597-bp open reading frame that encoded a protein that was very similar (10 Ϫ96 matching probability) to the recR product from Streptococcus thermophilus and Bacillus subtilis (SwissProt accession numbers P96053 and P24277, respectively), which is believed to be involved in DNA repair ( fig. 3 ). Sequencing downstream of ddl, we identified the 5Ј end of an open reading frame that encoded a protein with significant similarity (10 Ϫ6 matching probability over 204 bp) to the murF gene product of Mycobacterium tuberculosis (SwissProt accession number P95803). MurF is a cytoplasmic enzyme that catalyses the ligation of D-alanyl-D-alanine to a UDP-linked disaccharide tripeptide to produce the pentapeptide precursor of peptidoglycan synthesis. A schematic representation of the pbp2b-recR-ddl-murF region of strain R6 is shown in figure 3 . The genetic organization of this region in a serotype 19F strain of S. pneumoniae has recently been published (Massidda et al. 1998) , and the gene order and gene sizes correspond to those in strain R6.
DNA Sequence Divergence in the pbpB-murF Region
To characterize the recombinational replacements in the pbp2b-murF region, we sequenced 3,557 bp, from the start of the region of pbp2b that encodes the transpeptidase domain ) to murF, from three penicillin-susceptible and five penicillin-resistant pneumococcal isolates (table 1) . The penicillin-susceptible isolates M64 (serotype 9V) and M189 (serotype 19F) were indistinguishable by MLST and are presumably isolates of the same clone that differ in serotype. Strains GM17 and UK-577 are previously characterized members of the major Spanish multiresistant serotype 6B and 23F clones (MMSp6B and MMSp23F), respectively (Spratt and Crook 1998) . Strain M15 is a member of the major Spanish penicillin-resistant serotype 9V clone (MPSp9V clone; Spratt and Crook 1998) .
The pbp2b-murF regions were compared with that of the penicillin-susceptible laboratory strain R6, and the cumulative numbers of polymorphic sites in a sliding window of 100 nt were plotted against the midpoint of the sliding window ( fig. 3) . The penicillin-susceptible strains NCTC11906, M64, and M189 (the latter two isolates were identical, consistent with their identical allelic profiles using MLST) were very similar to strain R6 throughout the whole region, as shown by the gradual increase in the cumulative number of polymorphic sites. The sequences of these three isolates differed from strain R6 at 0.2%-0.4% (pbp2b), 0.5%-1.3% (recR), 0.6%-0.9% (ddl), and 0.3%-1% (murF) of nucleotide sites.
The sequence from the penicillin-resistant strain CZ-29044 diverged from strain R6 throughout the whole pbpB-murF region, as indicated by the steep and continuous increase in the cumulative number of polymorphic sites ( fig. 3) . Except for the first 300 bp, the whole region from the resistant strain VA1 was also highly diverged from that of strain R6. Strain GM17 diverged from the R6 sequence from approximately nucleotide 500 to the middle of ddl, where the leveling out of the cumulative number of polymorphic sites reflects the similarity of the rest of ddl, and of murF, to the sequence in strain R6. The sequences of strains UK-577 and M15 were identical and contained a small divergent region that was entirely within the pbp2b gene. These two resistant strains, unlike the other three, had a nondiverged group A ddl allele.
The Sizes of Interspecies Recombinational Replacements
The nucleotide differences between strain R6 and the five penicillin-resistant isolates in the pbp2b-murF region are shown in figure 4. If we assume that the highly diverged regions were introduced by a single recombinational replacement, which seems reasonable because they must have occurred very recently, since the introduction of penicillin into medicine in the 1940s, we can estimate the replacement sizes. Strains UK-577 and M15 had the smallest replacement (about 630 bp), represented by the many polymorphic sites from position 342 to position 972 (11.9% diverged), flanked by regions that were very similar in sequence to those of strain R6. Strain CZ-29044 was 8% divergent from strain R6 along the whole pbp2b-murF region, indicating a replacement of at least 3.5 kb. GM17 was 8.3% divergent throughout the region between nucleotides 504 and 2840, giving a replacement size of 2,336 bp, whereas the whole of the VA1 sequence, excepting the first 341 bp, was 8.5% diverged from strain R6, indicating a replacement size of at least 3.2 kb.
Previous studies have shown that penicillin-resistant pneumococci with MICs of Ն0.1 g penicillin/ml invariably have altered forms of the pbp2b gene that have arisen by interspecies recombinational replacements (Dowson et al. , 1993 . These replacements always include the region encoding the conserved SXN motif (nucleotides 724-732 in the numbering scheme used in fig. 4 ), as alteration of an amino acid adjacent to this motif is important for the reduced affinity of PBP 2B in all resistant strains (Dowson et al. 1993) , and extend for varying distances downstream. If we assume that all penicillin-resistant isolates (MICs Ն 0.1 g/ml) possess altered pbp2b genes that have recombinational replacements which start upstream of nucleotide 724, we can estimate the sizes of the replacements by asking how many of the alleles found in penicillin-resistant strains extend into, or through, the sequenced region of ddl.
Of the 52 pneumococcal ddl alleles, 31 were present in isolates with MICs of Ն0.1 g penicillin/ml ( fig.  2 ). The sequences of 11 (35%) of these 31 alleles were almost identical to those of susceptible strains (group A alleles) and presumably had recombinational replacements that did not extend as far as ddl. The other 20 . The beginnings and ends of the pbp2b, recR, ddl, and murF genes are indicated by arrows. * The end of pbp2b and the start of recR are at positions 1437 and 1448, respectively. alleles (group B alleles) were diverged either at the beginning of ddl (5 alleles) or throughout ddl (15 alleles). The sequence from the end of the ddl fragment to nucleotide 204 of murF was obtained from one isolate possessing each of the 15 alleles in which the recombinational replacement appeared to extend throughout the ddl fragment. In 13 of these 15 alleles, the sequence continued to be highly diverged from that in strain R6, suggesting that the recombinational crossover points were still farther downstream of pbp2b. The sequences of the other two (alleles 16 and 38) were very diverged compared with that of strain R6, until approximately 40 bp into murF, where they became very similar to R6, indicating the probable downstream recombinational crossover points.
From these figures, it can be estimated that 64% of the recombinational replacements extend at least 2.0 kb downstream of the SXN motif, 48% at least 2.5 kb, and 42% at least 2.8 kb. These values underestimate the size of the replacement, as they will also extend upstream of the position encoding the SXN motif. A crude estimate of the size can be made by taking twice the average downstream replacement size. As approximately 50% of the replacements extend for more than 2.5 kb, we estimate an average replacement size of at least 5 kb. An alternative approach, which is described elsewhere (E. J. Feil, personal communication), estimates the average replacement size from the fraction of replacements that extend into the ddl fragment. This method suggests an average replacement size of 5.6 kb, which is in good agreement with our initial estimate.
Conclusions
Recombinational replacements from closely related streptococcal species that result in the development of altered forms of PBP 2B of S. pneumoniae with decreased affinity for penicillin are clearly responsible for the highly diverged ddl alleles in many penicillin-resistant pneumococci. These replacements are assumed to have occurred by natural transformation, as no other sexual mechanism has been reported for pneumococci and the data allow an estimate of the size of recombinational replacements mediated by genetic transforma-tion under natural conditions. Replacement sizes during transformation in pneumococci under natural conditions have not been reported as far as we are aware, except for studies of the capsular locus (cps) (Coffey et al. 1998 (Coffey et al. , 1999 , which encodes the capsular polysaccharide that determines serotype. Replacements at the cps locus that alter serotype range from Ͼ15 kb to Ͼ25 kb. However, these exchanges are necessarily large since the cps regions of pneumococci of different serotypes are mostly nonhomologous, and crossovers have to occur either in the outermost cps genes, which are homologous in most serotypes, or in genes flanking the cps locus.
The replacements around pbp2b also have to be of a minimum size, as they have to introduce the critical amino acids that reduce the affinity of PBP 2B for penicillin. These residues have been mapped to a small region between the active-site serine residue and the residue adjacent to the SXN motif ), but substitutions carboxy-terminal to the SXN motif may be important in some low-affinity forms of PBP 2B. It is therefore difficult to estimate the minimum size with any precision, but it is certainly less than 886 bp (the distance from the active-site serine to the carboxyterminus of PBP 2B), and yet the average size of replacements appears to be about 5 kb. The minimum size for a recombinational replacement at pbp2b will bias the average size of the observed recombinational replacements in this region, but, notwithstanding this bias, recombinational replacements appear to be about 6 kb in pneumococci.
